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Objective: To investigate the contribution of bone marrow-derived cells to oral mucosa
wounds and skin wounds.
Background: Bone marrow-derived cells are known to contribute to wound healing, and are
able to differentiate in many different tissue-specific cell types. As wound healing in oral
mucosa generally proceeds faster and with less scarring than in skin, we compared the bone
marrow contribution in these two tissues.
Design: Bone marrow cells from GFP-transgenic rats were transplanted to irradiated wild-
type rats. After recovery, 4-mm wounds were made in the mucoperiosteum or the skin. Two
weeks later, wound tissue with adjacent normal tissue was stained for GFP-positive cells,
myofibroblasts (a-smooth muscle actin), activated fibroblasts (HSP47), and myeloid cells
(CD68).
Results: The fraction of GFP-positive cells in unwounded skin (19%) was larger than in
unwounded mucoperiosteum (0.7%). Upon wounding, the fraction of GFP-positive cells in
mucoperiosteum increased (8.1%), whilst it was unchanged in skin. About 7% of the
myofibroblasts in both wounds were GFP-positive, 10% of the activated fibroblasts, and
25% of the myeloid cells.
Conclusions: The results indicate that bone marrow-derived cells are preferentially recruited
to wounded oral mucosa but not to wounded skin. This might be related to the larger healing
potential of oral mucosa.
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Wound healing consists of three partly overlapping phases of
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loid cells are recruited to the wounded tissue, of which the
monocytes differentiate into macrophages.1,2 Next, neo-
epithelialization and the formation of granulation tissue takenrheden@dent.umcn.nl (R.E.M. van Rheden),
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ing tissue including local stem cells are activated and invade
the wound bed.1,3,4 Upon tissue damage, circulating bone
marrow-derived cells (BMDCs) are also recruited to the wound
and can differentiate into tissue-specific cells.5,6 Finally, in the
remodelling phase, part of the fibroblasts differentiate into
myofibroblasts, which can also originate from BMDCs.5,7
Myofibroblasts possess contractile properties and are mainly
responsible for wound contraction. Those cells also deposit
large amounts of collagen and then go into apoptosis,
ultimately leaving behind an acellular scar.8,9
The contribution of BMDCs to the myofibroblast population
in wounds depends on the type of tissue.7 For skin wounds
large differences in the involvement of BMDC’s were
reported,5,7 which may be explained by wound size10,11, but
also by the availability of local stem cells. A valid explanation
is that BMDCs are only recruited when the local stem cell
populations are unable to resolve the tissue damage.10,11
Hence, BMDCs are sometimes referred to as ‘‘rescue stem
cells’’.10
The skin and the palatal mucoperiosteum are two
homologous tissues, which both possess a keratinized
epithelium in rats.12,13 It is generally known that wounds in
the oral mucosa heal faster than skin wounds, which might be
related to the growth factors in saliva.14–16 Additionally,
phenotypic differences between oral and cutaneous fibro-
blasts may be involved.17 The stem cell niches of skin
epithelium are located in the basal layer and in the bulge
region of the hair follicle.10,18 The basal layer stem cells
contribute to renewal of the epidermis in physiological
turnover and injury. The stem cells from the bulge region
are activated upon wounding, and can contribute to epidermal
renewal but also to the hair bulb and the sebaceous glands.3,19
So far, little data are available on stem cells niches in the oral
mucosa. Isolated small cells from human mucosa keratino-
cyte cultures are considered as oral keratinocyte progenitors
or stem cells.20 These cells are able to generate a stratified
epithelium on a suitable substrate.20 A large number of
(neural) stem cell niches have been described in superficial
neural endings in the palatal mucoperiosteum of rats and
humans.21 Multipotent stem cells have recently been identi-
fied in the human and rat lamina propria of the oral mucosa.
These cells can differentiate into mesodermal, endodermal
and ectodermal lineages in vitro.22–24 Strikingly, these stem
cells can also differentiate into tumours consisting of two
germ layer-derived cell types (muscle, cartilage, and neural
tissue) in mice.22
Little is known about the recruitment of BMDCs to oral
mucosa. There are indications that BMDCs contribute to
normal tissue turnover, and are able to differentiate into
buccal keratinocytes.25 No studies are available on the
contribution of BMDCs to the wounded mucoperiosteum.
Since the wounded oral mucosa heals more rapidly than
skin, we hypothesized that BMDCs are more efficiently
recruited to mucoperiosteal wounds than to skin wounds.
To test this hypothesis, bone marrow was labelled by
performing a bone marrow transplantation (BMT) from green
fluorescent protein (GFP) transgenic rats to irradiated wild-
type animals. Subsequently, we compared the contribution of
BMDCs to standardized full-thickness wounds in the ratmucoperiosteum and skin at two weeks after wounding. This
time point was chosen because of the relevance for remodel-
ling and scarring.
2. Materials and methods
2.1. Animals
Fifteen GFP-transgenic Sprague-Dawley rats of six to twelve
weeks old (provided by Dr. M. Okabe and Dr. T. Suzuki, Japan
SLC, Inc., Shizuoka, Japan) were obtained, of which eight were
used as donors for the bone marrow transplantation (BMT).
Fifteen wild-type Sprague-Dawley rats (Janvier, Le Genest,
France) were used as recipients. The latter rats were six to
eight weeks old at the start of the experiment and kept under
sterile housing conditions with free access to food and water.
The Board for Animal Experiments of the Radboud University
Nijmegen Medical Centre has approved these experiments
(RU-DEC 2005-104 and RU-DEC 2008-051). The palatal wounds
(10 rats) and the skin wounds (5 rats) were made in different
animals to avoid mutual interferences.
2.2. Bone marrow transplantation
The recipient rats received two doses of 5 Gy total body
irradiation from an X-ray source, with an interval of 18 h. Bone
marrow from the femurs of the transgenic donor rats was
harvested by flushing with phosphate-buffered saline (PBS)
(Invitrogen/GIBCO, San Diego, CA, USA), supplemented with
2% penicillin/streptomycin (Invitrogen/GIBCO). Mononuclear
cells were isolated by density centrifugation over Lymphoprep
(r = 1.077 g/ml) (Axis-Shield POC AS, Oslo, Norway), and
washed twice with 0.9% NaCl. Three hours after the second
irradiation, 2.3–3.0  108 mononuclear cells/kg (0.4 ml) were
injected in the tail vein of the recipients rats. The weight of the
rats was monitored every other day. Three weeks after the
BMT, one rat from the skin wounding group was killed based
because of ongoing weight loss, possibly due to a sub-clinical
infection. In the other rats only a temporary small weight
reduction was observed. Five weeks after the BMT, blood was
drawn and mononuclear cells were analysed for GFP expres-
sion by flow cytometry on a FACScan (Becton and Dickinson,
Franklin Lake, NJ, USA). Blood from 15 GFP-transgenic rats was
analysed for comparison. The blood from seven wild-type rats
was used as a negative control to check the settings of the
FACScan.
2.3. Experimental wounding
Seven weeks after the BMT, 4-mm wounds were made in the
palatal mucoperiosteum of 10 rats between the third molars
under anaesthesia by a mix of fentanyl and fluanisone
(Hypnorm, Vetaphrama Ltd., Leeds, UK) and midazolam
(Dornicum, Deltaselect, Dreiech, Germany). In four rats, the
skin on the back was shaved and disinfected (Hibiscrub1,
Regent Medical Ltd., Manchester). Next, 4-mm full thickness
skin wounds were made under isoflurane (Pharmachemie BV,
Haarlem, The Netherlands) anaesthesia. These wounds were
covered by a semipermeable polyurethane dressing (Tega-
Fig. 1 – GFP-positive cells in the blood. The fraction of GFP-
positive cells in the blood of the donor rats and the
transplanted rats was determined by flow cytometry. The
two fractions were not significantly different ( p = 0.121).
Data are shown as mean W SD.
a r c h i v e s o f o r a l b i o l o g y 5 7 ( 2 0 1 2 ) 1 0 2 – 1 0 8104derm, 3M, Neuss, Germany) to create a moist wound
environment. Subsequently, one layer of dry sterile fine-mesh
gauze (Medicomp, Hartmann-Rico a.s., Masarykovo na´m. 77,
Czech Republic) was applied, and the rats were wrapped in
elastic tape (Petflex, Andover, USA Salisbury, MA) to fix the
bandages. About every two days, the elastic tape was replaced
under isoflurane anaesthesia. The polyurethane dressing was
never removed during the experiment. Buprenorfinehy-
drochloride (Temgesic1, Schering-Plough, Brussels, Belgium)
was used post-operatively as an analgesic. Two weeks after
wounding, the rats were killed by CO2/O2 inhalation, and
wounds with adjacent control tissue were harvested.
2.4. Histology and immunohistochemistry
The tissue samples were fixed in 4% paraformaldehyde for
24 h and embedded in paraffin. Five-mm sections were used for
histology and immunohistochemistry. For general tissue
survey, sections were stained with haematoxylin and eosin
(H&E). For immunohistochemical staining, three sections
(125 mm apart) of each tissue sample were mounted on
Superfrost Plus slides (Menzel-Gla¨ser, Braunschweig,
Germany). The sections were deparaffinated and rehydrated.
Next, they were post-fixed with 4% formalin and washed with
PBS supplemented with 0.75 mg/ml glycine (PBS-G). Antigens
were retrieved with citrate buffer (0.01 M, pH 6.01) at 70 8C for
10 min, followed by incubation in 0.075 g/ml trypsin (Difco
Laboratories, Detroit, USA) in PBS at 37 8C for 5 min. Then, the
sections were pre-incubated with 10% normal donkey serum
(NDS) (Chemicon, Temecula, USA) in PBS-G.
All antibodies and the Vectastain ABC Standard alkaline
phosphatase mix (ABC-AP) (Vector Laboratories, Burlingame,
CA, USA) were diluted in 2% NDS. To detect GFP, the sections
were incubated overnight at 4 8C with a polyclonal rabbit-anti-
GFP antibody (1:300) (Invitrogen/Molecular Probes, Eugene, OR,
USA). Subsequently, biotinylated donkey-anti-rabbit (1:500)
(Jackson Labs, West Grove, PA, USA) was added. Next, the
sections were treated with ABC-AP, and washed with Tris–HCl
(pH 8.2). Fast Blue substrate (Sigma Chemical CO, St Louis, MO,
USA) was freshly prepared, and applied to the sections. The
reaction was stopped in demineralized water (Milli-Q pore
system, Millipore SA, Molsheim, France), and the sections were
washed in PBS and pre-incubated again for double-staining
with the following primary mouse monoclonal antibodies:
(A) Anti aSMA (Sigma Chemical CO), 1:1600, 1 h at room
temperature to detect myofibroblasts.
(B) Anti heat-shock protein (HSP)47 (Stressgen, Ann Arbour,
MI, USA), 1:24 000, overnight at 4 8C to detect activated
fibroblasts. HSP47 is a chaperone protein in collagen
synthesis.
(C) Anti CD-68 (Serotec, DPC, Breda, the Netherlands), 1:100,
overnight at 4 8C to detect macrophages.
Next goat-anti-mouse-AlexaFluor-594 (1:200, 1 h at room
temperature) (Invitrogen/Molecular) was added. Finally, the
sections were washed, and the nuclei were stained with DAPI
(Roche Diagnostics Nederland BV, Almere, The Netherlands).
A 1,4-diazabicyclo[2.2.2]octane solution (DABCO, Sigma
Chemical CO) solution in Tris–buffered glycerin was used asanti-fading agent. Slides were stored in the dark at 4 8C.
Photographs were taken on a Carl Zeiss Imager Z.1 system
(Carl Zeiss Microimaging Gmbh, Jena, Germany). GFP photos
were acquired under bright field conditions. The other
sections were photographed with fluorescent settings. The
GFP images were inverted and merged with the fluorescent
images to reveal co-localization using ImageJ (National
Institutes of Health, Bethesda, Maryland, USA).
2.5. Cell counting
The fraction of GFP-positive mononuclear cells was deter-
mined in the blood of GFP-transgenic rats and recipient rats by
flow cytometry. In three sections of each mucoperiosteal
tissue sample, aSMA-positive cells and nuclei were counted in
the wound and control area within a frame with a width of
50 mm and a depth of 300 mm. GFP-positive and GFP/aSMA
double-positive cells were counted in a larger area of 200 mm
wide because they are less abundant. The epithelium was
excluded. The fraction of the other bone marrow-derived cell
types in the mucoperiosteum was estimated in three rats with
a high fraction of GFP-positive cells in the wound tissues.
Three tissue sections were used to determine the number of
double-positive cells as described above.
In the tissue sections from the skin similar countings were
performed but the selected areas had a depth of 500 mm and a
width of 300–600 mm. Epithelial cells, cells in blood vessels,
muscle cells, and hair follicle cells were excluded.
2.6. Statistics
Values are presented as the mean  standard deviation. The
flow cytometry data were subjected to a Mann–Whitney rank
sum test (SigmaStat, version 3.10, Systat Software, Inc.,
Chicago, IL). The data were considered statistically different
if p < 0.05. The data for GFP and aSMA were tested with a
paired two-tailed Student’s t-test, and a normal Student’s t-
test for differences between the wound tissue in skin and in
mucoperiosteum. The data from the adjacent tissue in skin
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not normally distributed, a Wilcoxon signed rank test was
performed for paired data, and a Mann–Whitney rank sum test
for independent data. The HSP47 and CD68 data were only
tested for differences between the wound tissue and the
adjacent tissue in skin. The data were considered statistically
significant when p < 0.025.
3. Results
The fraction of GFP-positive mononuclear cells in the blood of
the donor rats and the transplanted rats was not significantly
different (86  2% and 69  9% respectively, Fig. 1). ThisFig. 2 – Histology and immunohistochemistry. (A) General histo
adjacent tissues of the mucoperiosteum and skin. (B–E) Immuno
in blue. (B) Single staining for GFP. (C) Double staining for GFP an
(E) Double staining for GFP and CD68 (red). GFP-positive cells are 
cells are marked with double-headed arrows (C–E). (For interpre
reader is referred to the web version of the article.)indicates a good take of the bone marrow graft. The histology
of the mucoperiosteum and skin is shown in Fig. 2A. Both
tissues have a keratinized epithelium overlaying the lamina
propria (mucoperiosteum) and dermis (skin). The mucoper-
iosteal epithelium contains more cell layers than the epider-
mis. Skin dermis also contains hair follicles with the arrector
pili muscles and sebaceous glands. Underneath the dermis lies
the hypodermis with fat cells. Both types of wounds have a
high cell density. In the skin wounds, no regenerated hair
follicles are present, and the hypodermis is lost.
Further, Fig. 2 shows representative examples of the
immunostainings. In the wounded mucoperiosteum, more
GFP-positive cells are present than in the adjacent tissue
(Fig. 2B). In skin, the numbers in wounded and adjacent tissuelogy (haematoxylin and eosin) of the wounds and the
histochemistry. GFP-staining is shown in green and nuclei
d aSMA (red). (D) Double staining for GFP and HSP47 (red).
marked with single-headed arrows (B) and double-positive
tation of the references to colour in this figure legend, the
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epithelia or in the hair follicles of the unwounded skin. In the
mucoperiosteal wounds, high numbers of myofibroblasts
were present, whereas far less were present in the skin
wounds (Fig. 2C). Only few of these were also GFP-positive. No
myofibroblasts were detected in the adjacent tissues of the
mucoperiosteum and the skin.Fig. 3 – Quantification of cell populations. Data are expressed a
cells. (B) aSMA-positive fraction of all cells. (C) GFP-positive fract
cells. (E) GFP-positive fraction of HSP47-positive cells. (F) CD68-p
positive cells. Asterisks mark a significant difference ( p < 0.025Activated fibroblasts (HSP47-positive cells) were present in
the wounds and adjacent tissues of both the mucoperiosteum
and the skin (Fig. 2D). Activated fibroblasts were brightly
stained in the wounds, whilst they were stained less intensely
in the adjacent tissues. Only few of the activated fibroblasts
were also GFP-positive. The number of macrophages was
similar in the wounds and the adjacent tissues of thes percentage positive cells. (A) GFP-positive fraction of all
ion of aSMA-positive cells. (D) HSP47-positive fraction of all
ositive fraction of all cells. (G) GFP-positive fraction of CD68-
).
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number of these cells were also GFP-positive.
Fig. 3 shows the quantitative data of the immunostainings.
The total fraction of GFP-positive cells (Fig. 3A) in the
mucoperiosteal wounds (8.1  5.1%) was significantly larger
than in the adjacent tissue (0.7  0.8%, p = 0.025). The GFP-
positive fraction in the skin wounds and the adjacent tissue
was similar (18.7  15.0 and 17.4  8.0% respectively). The
GFP+ fraction in the adjacent tissue of the skin was
significantly larger than in the adjacent tissue of the
mucoperiosteum ( p = 0.004).
The fraction of myofibroblasts (Fig. 3B) in the mucoper-
iosteal wounds (46.4  23.8%) was larger than in the adjacent
tissue (0.69  0.53%; p = 0.002) but also larger than in the skin
wounds (7.3  7.1%; p = 0.012). In contrast, the fraction of
myofibroblasts in skin wounds and adjacent tissue was
similar. The fraction of GFP-positive myofibroblasts (Fig. 3C)
in the mucoperiosteal wounds (4.6  3.0%) was larger than in
the adjacent tissue (0  0%; p = 0.023), which was not the case
in skin wounds and adjacent tissue.
The fraction of activated fibroblasts (Fig. 3D) in the skin
wounds (78.5  4.7%) was slightly larger than in the adjacent
tissue (64.6 7.4%, p = 0.010). The slight difference in the
mucoperiosteum was not significant. The fraction of GFP-
positive activated fibroblasts tended to be larger in both types
of wound tissues than in the adjacent tissues (Fig. 3E).
The fraction of macrophages (Fig. 3F) was not significantly
different in all tissues. The mucoperiosteal adjacent tissue
(7.5  5.7%) and the skin adjacent tissue (16.1  6.2%) con-
tained similar numbers of macrophages. No significant
differences were found in the fraction of GFP-positive
macrophages (Fig. 3G).
4. Discussion
We hypothesized that more BMDCs are recruited to quickly
healing tissues such as the oral mucosa than to more slowly
healing tissues such as the skin. This was based on earlier data
obtained from regenerating endometrium of the human
uterus where up to 48% of the epithelial cells are derived
from the bone marrow.26 However, later it was shown in some
mouse models that the contribution was far less.27 This is
probably due to differences in the process of endometrial
regeneration between humans and rodents. Previous studies
indicate that about 14% of the cells in skin wounds in mice are
derived from the bone marrow, and that this is increased by
wounding.28
Our data show that about 8% of the cells in mucoperiosteal
wounds is recruited from the bone marrow, which is about 10
times higher than in the normal adjacent tissue. In contrast,
the recruitment of BMDCs to skin wounds and the adjacent
normal tissue is comparable, but about twofold larger than in
mucoperiosteal wounds. Moreover, the total population of
BMDCs in normal skin is about 25 times larger than in normal
mucoperiosteum. Our data indicate that, in the mucoperios-
teum, BMDCs are preferentially recruited to the wound but not
in the skin. Alternatively, BMDCs recruitment in skin wounds
might have peaked earlier than two weeks after wounding as
reported in a mouse model.28 The long-term contribution ofBMDCs, however, was similar to our findings. In the light of
tissue remodelling and scarring, this might be the more
relevant population.
It further appears from our data that far less BMDCs are
required for normal tissue maintenance in the mucoperios-
teum than in the skin. In the mucoperiosteum, the recruit-
ment of BMDCs is increased upon wounding, whilst these cells
are already present in the skin. These differences might be
related to the larger repair capacity of oral mucosa.16
Much more myofibroblasts were present in the mucoper-
iosteal wounds than in the skin wounds. This could be related
to the different course of wound healing in both tissues. The
skin of rats is very loose and can contract easily. Contraction
will therefore not generate a high tension within the wound
tissue, which limits myofibroblast differentiation.29 The
mucoperiosteum, however, is tightly attached to the palatal
bone by Sharpey’s fibres.16 Therefore, contraction will gener-
ate higher mechanical tension, and hence more myofibro-
blasts appear.30 However, less than 10% of the myofibroblasts
in both wound types is derived from BMDCs. This is similar to
another study performed in mice.7 Myofibroblasts can origi-
nate from circulating fibrocytes which are part of the
haematopoietic lineage but also have mesenchymal proper-
ties.31
Activated fibroblasts were also present in both types of
wounds, as detected by staining for HSP47, a chaperone
protein in collagen synthesis. This population of cells probably
includes the myofibroblasts, which are also producing large
amounts of collagen. This is supported by double-staining for
aSMA and HSP47 (data not shown). Especially in skin, the
population of activated fibroblasts is much larger than that of
myofibroblasts, both in the wound and in normal tissue. These
cells might be more important in the healing of these easily
contracting wounds than the myofibroblasts. In contrast, in
mucoperiosteal wounds, the population of activated fibro-
blasts was only slightly larger than that of myofibroblasts.
The largest population of BMDCs is that of CD68-positive
myeloid cells, notably macrophages. In skin wounds, this
population is about 40% of the total bone marrow-derived
population. This is to be expected since bone marrow ablation
followed by bone marrow grafting replaces most of the
haematopoietic stem cells. Part of the local population of
macrophages might already have been replaced by haemato-
poietic precursors in the recovery period after bone marrow
transplantation, especially in the skin.
In conclusion, the data indicate that a much larger
population of local BMDCs is present in the skin than in the
mucoperiosteum. The skin population of BMDCs seems to be
able to resolve tissue damage, as no further BMDCs are
recruited upon wounding at two weeks after wounding. In
contrast, the small population of BMDCs in the mucoperios-
teum is replenished with cells from the bone marrow during at
the same time point. This might partly explain the rapid
wound healing reported in oral mucosal wounds. Other
important factors seem to be the growth factors present in
saliva and the specific properties of oral fibroblasts.16 The
major population of BMDCs in our study is that of macro-
phages, whilst myofibroblasts and activated fibroblasts only
represent smaller fractions. Further studies into the time
sequence of recruitment, and the physiology of BMDCs might
a r c h i v e s o f o r a l b i o l o g y 5 7 ( 2 0 1 2 ) 1 0 2 – 1 0 8108elucidate the preferential healing of mucosal wounds as
compared to skin wounds. This knowledge may contribute to
the development of new therapies for difficult healing
wounds.
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